Abstract Diet is a major source of exposure to certain phthalates, a class of environmental chemicals associated with endocrine disruption in animal models and humans. Several studies have attempted to lower phthalate exposure through carefully designed dietary interventions, with inconsistent results. We conducted a dietary intervention pilot study with the objective to lower phthalate exposure in low-income pregnant women, a particularly vulnerable population. Ten pregnant women consumed a provided diet consisting of mostly fresh, organic foods for 3 days. We collected urine samples before, during, and after the intervention and conducted semi-structured interviews to assess the feasibility and acceptability of the intervention. We used repeated measures ANOVA and paired t-tests to assess differences in urinary phthalate metabolite concentrations across the study, focusing on the metabolites of di-2-ethylhexyl phthalate (DEHP), a phthalate of particular interest, and their molar sum ( P DEHP). Phthalate metabolite concentrations did not change appreciably during the intervention period. We observed no significant difference in P DEHP metabolite concentrations across the three time periods (F = 0.21; adjusted p value = 0.65), and no reduction during the intervention as compared to baseline (t = -1.07, adjusted p value = 0.51). Results of interviews indicated that participants were not motivated to make dietary changes to potentially reduce chemical exposures outside of the study. Despite the small sample size, our results suggest that promoting dietary changes to lower phthalate exposure may not be an effective public health measure. Reducing the use of phthalates in food processing and packaging may be a better solution to lowering exposure on a population level.
Introduction
In 2013, the American College of Obstetricians and Gynecologists and the American Society for Reproductive Medicine issued a joint statement on toxic environmental chemicals and their threat to maternal-child health [1] . The statement pinpointed prenatal care as a key opportunity for providers to educate women about reducing exposure to potentially harmful chemicals during the vulnerable prenatal period. ''Patient-centered actions'' that may reduce chemical exposures were emphasized, including dietary changes. In some instances, dietary changes to reduce chemical exposures are empirically grounded, simple, and straight-forward to implement. For instance, limiting consumption of certain fish and switching to organic foods may effectively reduce exposure to methylmercury and pesticides, respectively [2] [3] [4] [5] . However for other chemicals, exposure reduction through diet may be considerably more complex. Phthalates are one such example. Phthalates are plasticizers found in food, as well as in consumer goods ranging from personal care products to vinyl flooring to medical devices [6] . In industrialized societies, phthalate exposure is virtually universal [7] [8] [9] and in animal models and humans, prenatal exposure to some phthalates has been linked to a number of adverse health outcomes including preterm birth, altered male reproductive development, increased risk of asthma, and neurodevelopmental changes in childhood [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Diet is the primary source of exposure to di-2-ethylhexyl phthalate (DEHP), a phthalate of particular interest, and fasting can dramatically reduce urinary phthalate metabolite concentrations within days [21, 22] . In one study, DEHP metabolite levels fell by an order of magnitude within 24 h of fasting [21] and in another study in which subjects were fed labelled ringdeuterated DEHP (prior to fasting), levels dropped to near or below the limit of detection (LOD) within 24-h after the initial exposure [23] . Thus the terminal elimination halflife of DEHP is estimated to be approximately 4-6 h in humans [23] . Because phthalates are widely found in many types of food items [22] , simple dietary changes may not be effective in lowering levels, however radical dietary transformations do result in short-term declines in phthalate metabolite concentrations [24] .
Phthalates are believed to enter the food supply during packaging, processing, and transport, thus choosing fresh, minimally processed foods may reduce exposure [1, 25] . A small intervention study reported that consumption of a provided diet of fresh, organic foods was associated with a significant decrease in urinary DEHP metabolite concentrations [26] . However a second intervention could not replicate those findings, and in fact, DEHP metabolite concentrations unexpectedly increased over 1,000 % from pre-intervention levels due to consumption of contaminated foodstuffs (particularly spices) [27] . Also, in the second intervention study, subjects who followed a selfguided intervention (based on provided written materials, rather than provided meals) showed no drop in urinary DEHP metabolite concentrations, demonstrating the challenges of lowering dietary phthalate exposure.
We further assessed the feasibility of lowering phthalate metabolite urinary concentrations through dietary changes. Because prenatal phthalate exposure is of greatest concern, we targeted pregnant women, who are unique in their dietary requirements, restrictions, and patterns of consumption [28] [29] [30] . In contrast to previous studies, which recruited participants based on self-reported consumption of canned goods and packaged foods, and took place in progressive, affluent areas (i.e., Seattle, Washington; the Bay Area, California), we examined this question in lowincome, urban women, who may be least empowered to lower their chemical exposures due to lack of education and limited access to healthy, fresh foods. The objectives of this pilot study were to: (1) investigate whether phthalate metabolite concentrations decrease during a dietary intervention; and (2) explore the feasibility of women implementing similar dietary changes on their own.
Methods

Study Overview
In 2013, we recruited eligible women through the University of Rochester Medical Center (URMC)'s outpatient Obstetrics and Gynecology clinic. Eligibility criteria included: 7 months pregnant or less, singleton pregnancy, household income below $25,000, no major dietary limitations or allergies, and no serious threats to the pregnancy. The research subjects review board at URMC approved the study and all subjects signed informed consent before engaging in any study activities.
Following a previously used format [26, 27] , subjects participated in the study for 7 days (Fig. 1) . On day 1, subjects collected spot urine samples while following their usual diet. On days 2-4, subjects ate a provided diet, designed to be low in phthalates, and on day 4, collected a second spot urine sample, representing exposure during the intervention. On day 5, subjects returned to their usual diets and on day 7, collected a final, post-intervention spot urine sample. Throughout the study, subjects completed food logs detailing all food and beverages consumed. On days 1 and 5 (i.e. prior to and immediately after finishing the 3-day intervention), subjects were interviewed.
Dietary Intervention
Based on the current literature on dietary sources of phthalates and menus used in similar work [26] , we developed, in collaboration with URMC's Clinical and Translational Sciences Institute Bionutrition core, a menu intended to minimize dietary phthalate exposure and balanced to meet the nutritional and caloric needs of pregnant women (Appendix 1). Menus consisted of fresh and organic foods whenever possible, the latter because phthalates are sometimes included as inert ingredients in pesticides [31] . The Bionutrition core purchased all foods, preparing them with stainless steel cookware and utensils, and storing them in phthalate-free plastic containers.
On days 2, 3, and 4 ( Fig. 1) , food for the following day was delivered to the subject's home. Subjects were instructed to reheat foods when necessary using a microwave and ceramic dishes, in the oven, or on a stove top using a pan (no non-stick coatings). Non-plastic plates, utensils, and cookware were provided as needed. Subjects were instructed not to use plastic water bottles during the intervention.
Aside from water, subjects were asked to eat and drink only the food and beverages provided during the 3 day intervention. If they needed to deviate from provided meals, they were asked to choose fresh foods or items packaged in glass, rather than plastics, and to note deviations in their daily food logs, which were used to assess compliance. This was intended solely as a dietary intervention and subjects were not asked to make any additional lifestyle modifications.
Urine Sample Collection and Phthalate Analysis
On days 1, 4, and 7, subjects were asked to collect their spot urine samples after dinner in provided phthalate-free, polypropylene urine collection cups, and to record the time of sample collection. Samples were stored in their refrigerators until the study team collected them the next day and brought them back to URMC to measure specific gravity (SG) using a refractometer (National Instrument Company, Inc., USA). Samples were frozen at -80°C and then sent on dry ice to the Division of Laboratory Sciences, National Center for Environmental Health, CDC for the measurement of eleven phthalate metabolites ( Table 1) . As described elsewhere, the analytic approach entails enzymatic deconjugation of the metabolites from their glucuronidated form, followed by automated on-line solid phase extraction, high performance liquid chromatography separation, and detection by isotope-dilution tandem mass spectrometry [32] . The precision and accuracy were improved through the use of isotopically labeled internal standards.
Qualitative Interviews and Data Analysis
Two semi-structured interviews (30-60 min each) were conducted in the subject's home by trained investigators. In the baseline interview, women were asked about their pregnancies (e.g., attitudes, goals, concerns, health) and their typical diets. Dietary questions included items on subjects' typical meal choices, their motivations for those choices, food sources, pregnancy-specific dietary changes, and meal preparation routines. They were also asked about what motivates their health behaviors during pregnancy [33] . During the post-intervention interview, subjects were asked about the intervention including the food, comparisons to their normal eating habits, what aspects (if any) they would consider adopting in their daily lives during and after pregnancy, any obstacles or challenges, and what, if anything, would motivate them to change the way they eat during pregnancy. Interviews were audio-recorded and transcribed verbatim. Transcripts were analyzed by two independent coders using a framework analytic approach and open coding in Microsoft Word [34] .
Quantitative Data Analysis
Phthalate metabolite concentrations below the LOD were assigned as the LOD divided by the square root of two [35] . Phthalate metabolite concentrations were adjusted for urine dilution using the following formula: Pc ¼ P 1:0225 À 1 ð Þ = ½ SG À 1Þ. In this formula, Pc is the SG-adjusted phthalate concentration (ng/ml), P is the measured phthalate concentration (ng/ml), 1.0225 is the mean SG for all study samples, and SG is the specific gravity of the individual sample [36] . Four metabolites measured in our study (MEHP, MEOHP, MEHHP, MECCP) derive from the same parent compound, DEHP, thus to approximate total DEHP exposure, we calculated their molar sum ( P DEHP in nmol/ml) using the following formula [37] :
ÞÞ. Our primary outcome of interest was P DEHP concentrations, however secondarily, we examined concentrations of the DEHP metabolites individually, as well as concentrations of seven other phthalate metabolites.
The Shapiro-Wilk test showed that concentrations of all metabolites were non-normally distributed, and after logtransformation, all metabolites (except for MEP) followed a normal distribution. Given within-subject correlations, we performed repeated measures ANOVA F-tests [38] to assess whether there were significant differences in phthalate metabolite concentrations in the pre-, during, and post-intervention samples. We subsequently performed paired t-tests for each metabolite to test whether the mean concentration at any two of the three time points differed. Once the unadjusted p values were computed, we applied the Benjamini-Hochberg procedure [39] to control false discovery rate. All statistical analyses were conducted using R (Version 3.1.0) [40] and a p value of 0.05 or less was considered statistically significant.
Results
On average, the women in this pilot study were 26 years old and the group was diverse in race/ethnicity, education, marital status, and employment (Table 2) . We found no significant differences in log-transformed P DEHP concentrations across the intervention period (F = 0.21; p = 0.65, adjusted p value = 0.95), nor were there pair-wise differences (pre-vs. during intervention: t = -1.07, p = 0.31, adjusted p value = 0.51; during vs. post-intervention: t = -0.33; p = 0.74, adjusted p value = 0.92; Table 1 ). We observed no significant within-subject differences in metabolite concentrations, with the exception of MiBP concentrations, which were lower pre-versus post-intervention (t = -2.74, p = 0.02, adjusted p value = 0.30). Given the large number of comparisons, we cannot rule out that this significant p value occurred by chance.
In interviews, half of the women expressed dissatisfaction with the diet, and all participants indicated preferences for foods prepared with more spices and condiments. Five participants were fully compliant and the other five noted minor deviations (Appendix 2). Frequently noted barriers included cultural preferences for seasoned foods and the cost and inconvenience of fresh and organic foods (Appendix 3). Participants reported enjoying exposure to new foods, some of which they would buy for their a Geometric mean and geometric standard deviation b Repeated measures ANOVA examining whether there were any differences in metabolite concentrations in samples collected across the three study timepoints c LOD = limit of detection; % detected = percentage of samples with metabolite concentrations at or above the LOD d P DEHP (in nmol/g) represents the sum of the DEHP metabolites (MEHP, MEOHP, MEHHP, MECCP) divided by their molecular weight e MCPP is also a non-specific metabolite of several high molecular weight phthalates as well as a minor metabolite of DBP families. Suggested strategies to overcoming barriers included: recipe books, explaining why foods are healthy, vouchers for purchasing healthy food, opportunities to try to new, unfamiliar food items, and suggestions for small changes that would improve eating habits (rather than complete dietary overhauls).
Discussion
Contra our predictions, we observed no decline in phthalate metabolite concentrations during the dietary intervention. This result contrasts with a previous study, in which DEHP metabolite concentrations were reduced by over 50 % during the intervention period [26] . Our results also contrast with a second study, in which DEHP metabolite concentrations spiked during the intervention period, due to use of dried herbs inadvertently ''laced'' with environmental chemicals [27] . Given the strong evidence that diet is a major source of exposure to select phthalates including DEHP, our results suggest that our provided diet was not lower in phthalates than participants' typical diets, despite the extensive measures taken to minimize dietary exposure during the intervention period.
Our ability to detect changes in phthalate metabolite concentrations across the intervention period is limited by the small sample size. However the clear lack of a consistent trend towards lower concentrations during the intervention (Table 1 ; Fig. 2 ) suggests that even with a larger sample size, our intervention would not have reliably lowered exposure. There are several possibilities as to why our results differed from previous work, including differences in the populations sampled [26] . Whereas previous studies recruited based on consumption of canned goods and processed foods, we did not base eligibility on typical diet. To the extent that absolute phthalate metabolite concentrations are comparable across laboratories, it is worth noting that the average baseline concentrations of DEHP metabolites in the current study were at or below minimum baseline levels measured in the ten adults in Rudel et al. [26] , while concentrations during the interventions were similar across the studies. Thus dietary interventions may be primarily effective in lowering DEHP metabolite concentrations in populations with relatively high baseline levels. Indeed, in our study, three of the four women with the highest baseline P DEHP concentrations experienced a decline in concentrations of these compounds during the intervention. Due to budgetary constraints, we did not measure phthalate concentrations in specific food items, therefore we cannot directly assess exposure through the provided diets, nor through other, non-dietary sources. Notably, we also did not instruct women to avoid use of plastic utensils, nor did we collect data on the types of utensils used. Therefore it is possible that there could have been contamination by use of plastic utensils, although we know of no evidence to support that as a route of exposure. Among the six women who had the lowest P DEHP concentrations at baseline, concentrations were (non-significantly) higher during the intervention period. Our intervention diet was developed by a team well-versed in the exposure literature and who created menus specifically intended to reduce exposure by strictly limiting meat, dairy, spices, and processed foods. We visited multiple stores, purchased new cooking implements and servingware, and took care to minimize contamination of provided foods. Yet despite these precautions, phthalate metabolite concentrations were not lower during the intervention period. Therefore, the average woman, who may lack the time and motivation to completely change her diet, may not be able to realistically reduce her exposure to phthalates through dietary changes. This conclusion is further supported by Sathyanarayana et al.'s ineffective self-guided intervention study arm [27] . Obstacles to changing women's dietary habits were further illustrated by subjects' requests for more flavorful foods. Indeed, nearly all deviations from the provided diet were additions of salt, pepper, and seasonings (Appendix 2). There were no differences in phthalate metabolite concentrations between women who deviated from the provided diet and those who did not (not shown). Unfortunately, spices may be an important source of exposure to phthalates and little is known about brands of seasonings or condiments that may be lower in environmental chemicals [22, 27] . The costs of fresh and organic foods were prohibitive for many women, most of whom relied on food stamps, and some of whom did not have regular access to a market.
Ultimately, dietary sources of phthalates may be so numerous and unpredictable that simple guidelines are currently inadequate to reduce dietary exposure during pregnancy. Testing phthalate levels in the myriad foods that women consume on a daily basis to determine which items are ''safe'' or ''unsafe'', furthermore, is simply infeasible on a population level. Our study complicates the recent clinical messages aimed at obstetricians to advise women to limit phthalate exposure through careful food choices {ACOG, 2013 #983}. While it is important that clinicians and pregnant women recognize the potential harms that phthalates and other environmental chemicals may pose to the developing fetus, our data suggest that adopting an organic, minimally processed diet is not a simple, foolproof solution for reducing phthalate exposure. Such a diet may be beneficial for other reasons, however, phthalates are so ubiquitous that dietary changes alone appear to be insufficient for lowering exposure in most women. Given that the effects of endocrine-disrupting chemicals are ''invisible'' on an individual level, furthermore, women tend to express little motivation to avoid them [33] . They noted that factors that might motivate them to change their diets included: (a) personal experience with health problems (e.g. childhood allergies or asthma); and (b) definitive ''proof'' from a reputable source (such as a government agency) that serious, adverse health effects are associated with particular exposures. The types of subtle outcomes typically linked to prenatal exposure to endocrine disruptors (e.g. decreased fecundity in adulthood) were seen as relatively unimportant and treatable. For these reasons, measures to minimize phthalate contamination in the food supply may ultimately be a more effective public health measure. Although that may be difficult given the extensive use of phthalates in food processing and packaging, there is precedent for limiting the use of phthalates in consumer products, namely toys, suggesting it can be done [41] .
